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In the absence of pathogen infection, plant effector-
triggered immune (ETI) receptors are maintained in a
preactivation state by intermolecular interactions
with other host proteins. Pathogen effector-induced
alterations activate the receptor. In Arabidopsis, the
ETI receptor RPM1 is activated via bacterial effector
AvrB-induced phosphorylation of the RPM1-inter-
acting protein RIN4 at Threonine 166. We find that
RIN4 also interacts with the prolyl-peptidyl isom-
erase (PPIase) ROC1, which is reduced upon RIN4
Thr166 phosphorylation. ROC1 suppresses RPM1
immunity in a PPIase-dependent manner. Consistent
with this, RIN4 Pro149 undergoes cis/trans isomeri-
zation in the presence of ROC1. While the RIN4P149V
mutation abolishes RPM1 resistance, the deletion of
Pro149 leads to RPM1 activation in the absence of
RIN4 phosphorylation. These results support a mo-
del in which RPM1 directly senses conformational
changes in RIN4 surrounding Pro149 that is con-
trolled by ROC1. RIN4 Thr166 phosphorylation indi-
rectly regulates RPM1 resistance by modulating the
ROC1-mediated RIN4 isomerization.
INTRODUCTION
The NLR family immune receptors play a fundamental role in
pathogen recognition in both plants and animals (Maekawa
et al., 2011; Qi and Innes, 2013). NLRs contain a variable N-ter-
minal domain; a nucleotide-binding, Apaf, Resistance protein,
andCED-4 (ARC) domain in themiddle; and a leucine-rich repeat
domain in the C terminus. Animal NLRs are known to perceive
conserved microbial molecular patterns, but a recent report
showed that the human NLR protein NOD1 is capable of sensing
the activity of Salmonella enterica effector SopE to activate
proinflammatory responses (Keestra et al., 2013). All plantCell HosNLRs studied to date perceive variable pathogen effector pro-
teins in a specific manner. The recognition of pathogen effectors
triggers strong defenses in plants that are often associated with
a form of programmed cell death at the site of infection termed
the hypersensitive response (HR). How effectors activate plant
NLRs is not well understood.
In the absence of pathogen infection, plant NLRs are kept in a
preactivation state by intramolecular interactions between dif-
ferent NLR domains and intermolecular interactions with a sec-
ond host protein (Maekawa et al., 2011; Hu et al., 2013). During
infection, some of the NLR-interacting proteins are targeted by
pathogen effectors. This is thought to cause a conformational
change in NLRs and converts the latter into a postactivation
state. In several cases, plant NLRs and their interacting proteins
have been studied in detail. For instance, the tomato NLR pro-
tein Prf constitutively interacts with the Pto kinase (Mucyn
et al., 2006). When infected with Pseudomonas syringae pv to-
mato (Pst), the effector proteins AvrPto and AvrPtoB interact
with Pto to activate Prf-mediated resistance, likely by altering
the conformation of the Pto-Prf complex (Tang et al., 1996; Sco-
field et al., 1996; Kim et al., 2002; Mucyn et al., 2009). Likewise,
the Arabidopsis NLR RPS5 constitutively interacts with
the PBS1 kinase (Ade et al., 2007). The P. syringae effector
AvrPphB, a cysteine protease, specifically cleaves PBS1 to acti-
vate RPS5 resistance, likely by inducing a conformational
change in the PBS1-RPS5 complex (Shao et al., 2003; Ade
et al., 2007). The Arabidopsis NLRs RPM1 and RPS2 constitu-
tively associate with the plasma-membrane-associated protein
RIN4 (Mackey et al., 2002, 2003; Axtell and Staskawicz, 2003).
Three P. syringae effectors, AvrRpt2, AvrB, and AvrRpm1,
interact with RIN4 to activate RPS2 and RPM1 immunity.
AvrRpt2 is a cysteine protease that cleaves RIN4 to activate
RPS2 resistance (Axtell et al., 2003; Axtell and Staskawicz,
2003; Mackey et al., 2003; Day et al., 2005; Kim et al., 2005).
The biochemical functions of AvrB and AvrRpm1 remain un-
known, but they are known to induce RIN4 phosphorylation
(Mackey et al., 2002; Desveaux et al., 2007). In particular, AvrB
induces RIN4 phosphorylation at Thr166 through a host protein
kinase RIPK, and this phosphorylation is sufficient for the activa-
tion of RPM1 (Chung et al., 2011; Liu et al., 2011).t & Microbe 16, 473–483, October 8, 2014 ª2014 Elsevier Inc. 473
Figure 1. The ROC1S58F Mutant Is Specif-
ically Compromised in RPS2- and RPM1-
Specified Resistance
(A–D) Plants of the indicated genotypes were in-
filtrated with Pst (A), Pst (avrB) (B), Pst (avrPphB)
(C), or Pst (avrRpt2) (D), and bacterial population in
the leaf was determined at the indicated times.
Error bars represent SD (n = 8, 4 biological
repeats).
(E) Morphological phenotype of WT (Col-0),
ROC1S58F, snc1, and snc1 ROC1S58F double
mutant. Plants were photographed 5 weeks after
germination. See also Figure S1.
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Cyclophilin-Mediated Activation of RPM1Cyclophilins (CyPs) are a large family of proteins shared by
prokaryotes and eukaryotes (Handschumacher et al., 1984;
Stamnes et al., 1992). CyPs possess PPIase activity that cata-
lyzes the isomerization between cis and trans isoforms of the
X-prolyl peptide bond. Arabidopsis contains 29 CyPs (Romano
et al., 2004) playing diverse roles including photo-damage pro-
tection (Dominguez-Solis et al., 2008), adaptation to abiotic
stresses (Luan et al., 1994; Chen et al., 2007), and hormone
signaling (Trupkin et al., 2012; Zhang et al., 2013). CyPs have
also been found to play an important role in plant-pathogen
recognition (Coaker et al., 2005). The maturation of the AvrRpt2
cysteine protease requires a eukaryotic CyP, and both the yeast
CyP CPR1 and Arabidopsis CyP ROC1 (Rotamase CYP 1) can
promote AvrRpt2 maturation in vitro (Coaker et al., 2005).
Thus, Cyps such as ROC1 are proposed to positively regulate
RPS2 resistance through its PPIase activity. A role of ROC1 in
RPM1 resistance has not been determined. A previously identi-
fied gain-of-function Arabidopsis ROC1 mutant containing a
Ser58Phe substitution in ROC1 (ROC1S58F) exhibits altered plant
architecture (Ma et al., 2013). Here we show that ROC1S58F is
enhanced in AvrRpt2 maturation and RIN4 cleavage. Surpris-
ingly, ROC1S58F is not enhanced in RPS2 activation. Instead, it
is compromised in RPS2 and RPM1 resistance. Detailed ana-
lyses showed that ROC1 inhibits RPM1 and RPS2 resistance
through a direct interaction with RIN4. We further show that
RIN4 Pro149 plays an essential role in the activation of RPM1
that can be uncoupled from RIN4 Thr166 phosphorylation and
provide evidence that the RIN4 conformation defined by
Pro149 mutations is subject to regulation by ROC1. In addition,
RIN4 Thr166 phosphorylation reduces the ROC1-RIN4 interac-474 Cell Host & Microbe 16, 473–483, October 8, 2014 ª2014 Elsevier Inc.tion, suggesting that Thr166 phosphory-
lation is not directly sensed by RPM1.
Instead, it indirectly activates RPM1
through reducing the ROC1 inhibition.
RESULTS
ROC1S58F Is Specifically
Compromised in RPM1- and RPS2-
Specified Immunity
Because ROC1 was previously shown to
promote AvrRpt2 maturation (Coaker
et al., 2005), we tested if ROC1S58F is
affected in immunity specified by RPS2
and other NLRs. As shown in Figure 1A,virulent Pst grew to similar titers in wild-type (WT) (Col-0) and
ROC1S58F plants, indicating that ROC1S58F was not affected in
basal resistance. As expected, the rpm1, rps2, and rps5 plants
were completely susceptible to Pst strains carrying avrB,
avrRpt2, and avrPphB, respectively, whereas WT plants dis-
played full resistance to these strains (Figures 1B–1D). ROC1S58F
exhibited partial susceptibility to Pst (avrB) or Pst (avrRpt2) but
normal resistance to Pst (avrPphB), indicating that ROC1S58F is
compromised in RPM1 and RPS2 resistance but retains full
RPS5 resistance. This notionwas further supported by a compro-
mised HR in ROC1S58F to Pst (avrB) and Pst (avrRpt2) but normal
HR to Pst (avrPphB) (Figure S1 available online). To further test
the specificity of immune activation, the ROC1S58F mutant was
crossed to the snc1 mutant, which carries a constitutive active
NLR SNC1 and displays a dwarf phenotype indicative of autoim-
mune responses. All snc1 ROC1S58F double mutant plants were
indistinguishable from snc1, indicating that the ROC1S58F muta-
tion does not affect SNC1 immunity (Figure 1E). Together, these
results suggest thatROC1S58F is specifically affected in immunity
specified by RPM1 and RPS2 but not RPS5 and SNC1.
The Diminished RPS2 Resistance in ROC1S58F Is Not
Explained by AvrRpt2-Dependent RIN4 Cleavage
The results described above appear to be consistentwith the pos-
sibility that ROC1S58F is less capable of promoting AvrRpt2 matu-
ration, leading to reduced cleavage of RIN4 and incomplete
release of RPS2 from RIN4 inhibition. We therefore determined
maturation of the recombinant AvrRpt2, which leads to self-cleav-
age, in extracts from WT and ROC1S58F plants. As expected, the
incubation with WT extracts promoted AvrRpt2 maturation, as
Figure 2. The ROC1S58FMutation Enhances
AvrRpt2 Maturation and RIN4 Cleavage
(A) ROC1S58F extract enhances AvrRpt2 auto-
cleavage. Equal amounts of recombinant AvrRpt2
proteins were incubated with total protein extracts
from WT (Col-0) or ROC1S58F plants for the indi-
cated times, electrophoresed through SDS-PAGE,
and AvrRpt2 self-cleavage was visualized by
Coomassie brilliant blue (CBB) staining.
(B) The RIN4 cleavage by AvrRpt2 is more efficient
in the ROC1S58F mutant. Plants of the indicated
genotype were infiltrated with Pst (avrRpt2), and
amounts of RIN4 was determined at the indicated
hours postinoculation (HPI) by immuoblot with
anti-RIN4 antibodies. Ponceau staining of Rubisco
indicates equal loading of protein.
(C) The ROC1S58F mutation does not affect RPS2
accumulation and RPS2-RIN4 interaction. Plants
carrying the RPS2-HA transgene under the control
of RPS2 native promoter in the WT or ROC1S58F
background were inoculated with Pst (avrRpt2) for
4 hr and examined for RPS2-HA accumulation by
immunoblot and RPS2-RIN4 interaction by coIP.
See also Figure S2.
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ure 2A). Surprisingly, the ROC1S58F extracts consistently showed
more rapid AvrRpt2 cleavage than did theWT extracts.We further
determined the RIN4 cleavage in plants inoculated with Pst
(avrRpt2). The abundance of the intact RIN4 protein decreased
in WT plants within 4 hr after inoculation, indicative of a cleavage
by AvrRpt2 (Figures 2B and S2A). In ROC1S58F plants, the
avrRpt2-induced RIN4 cleavage was more pronounced, and the
amount of intact RIN4 inROC1S58Fwas20%of that inWTplants
4 hr postinoculation. Thus, ROC1S58F appears to possess greater
activity to promote AvrRpt2 maturation and RIN4 cleavage.
The increased RIN4 cleavage but reduced RPS2 activation is
puzzling, as this is not explained by the current model. We further
examined RPS2-RIN4 interaction by coimmunoprecipitation
(coIP) assay in WT and ROC1S58F plants carrying the same
RPS2-HA transgene following inoculation with Pst (avrRpt2).
Both plants accumulated similar levels of RPS2-HA (Figures
2C and S2B), indicating that ROC1S58F does not affect RPS2
abundance. As reported, a RIN4-RPS2-HA interaction was
readily detected prior to bacterial infection in the WT RPS2-HA
line. The inoculation with Pst (avrRpt2) reduced the amount of
RIN4 associated with RPS2-HA concomitant with reduction of
RIN4 abundance in total protein extract (Figure 2C). In the
ROC1S58F background, although the total RIN4 protein was
reduced to a much lower level compared to the WT RPS2-HA
line upon Pst (avrRpt2) inoculation, the amount of RIN4 associ-
ated with RPS2-HA was comparable to that in the WT RPS2-
HA line. Thus, the compromised RPS2 resistance in the
ROC1S58F mutant was not caused by an increased RIN4 abun-
dance or RIN4-RPS2 interaction. We thus reasoned that, in addi-
tion to AvrRpt2, ROC1 must modulate an additional protein
(proteins) involved in RPS2 activation.
ROC1Plays aNegative Role in RPM1andRPS2 Immunity
We next used the Nicotiana benthamiana (Nb) transient expres-
sion system to test the role of ROC1 in RPM1- and RPS2-speci-
fied immune responses. Consistent with previous reports (ChungCell Hoset al., 2011; Liu et al., 2011), the majority of leaves (15 out of 18)
coexpressing RPM1-HA and a phospho-mimetic RIN4T166E
mutant (pmRIN4) developed strong HR (Figure 3A). Only four
out of 18 leaves coexpressing RPM1-HA, pmRIN4, and ROC1-
FLAG developed HR (Figure 3A), indicating that overexpression
of ROC1 significantly attenuated the HR triggered by RPM1
and pmRIN4. This HR was further attenuated upon the overex-
pression of ROC1S58F-FLAG. Likewise, HR triggered by RPS2-
HA overexpression was attenuated by ROC1-FLAG overexpres-
sion (Figure 3B). Again, the ROC1S58F-FLAG overexpression
further attenuated the RPS2 HR. An examination of the RPM1-
HA, RPS2-HA, RIN4, and ROC1-FLAG proteins indicated that
the differences in HR development were not caused by differen-
tial protein accumulation (Figures S3A and S3B).
To further substantiate these findings, we generated trans-
genic Arabidopsis lines overexpressing ROC1-FLAG and
ROC1S58F-FLAG and inoculated these lines with Pst or Pst
(avrB). The ROC1-FLAG and ROC1S58F-FLAG lines supported
greater growth of Pst (avrB) but not Pst compared to Col-0 plants
(Figures 3C), suggesting that ROC1plays a negative role in RPM1
resistance. Overall, the ROC1S58F-FLAG lines reproducibly sup-
ported greater growth of Pst (avrB) than did the ROC1-FLAG
lines. These lines expressed similar levels of ROC1 proteins (Fig-
ure S3C), indicating that ROC1S58F is a gain-of-function mutation
inhibiting RPM1 resistance. This is consistent with the previous
observation that ROC1S58F acts as a gain-of-function mutation
in themodulation of plant architecture (Ma et al., 2013). To further
determine the role of ROC1 in the regulation of RPM1 resistance,
we inoculatedROC1RNAi lines, which contain nearly nondetect-
able ROC1 transcripts (Ma et al., 2013), with various Pst strains.
When inoculated with Pst (avrB), all RNAi lines showed reduced
bacterial growth that was only 10% of that in WT (Figures 3D
and S3D). These results were obtained from plants grown under
different growth conditions and were highly consistent, confirm-
ing a negative role of ROC1 in plant immunity. Some of the RNAi
lines also displayed enhanced resistance to Pst (Figures 3D and
S3D), suggesting that ROC1 also plays a role in basal resistancet & Microbe 16, 473–483, October 8, 2014 ª2014 Elsevier Inc. 475
Figure 3. ROC1 Negatively Regulates RPM1- and RPS2-Specified Immunity
(A and B) Overexpression of ROC1-FLAG and ROC1S58F-FLAG inhibits RPM1 and RPS2 HR in Nb plants. Nb leaves were infiltrated with Agrobacterium con-
taining the indicated constructs, and the development of HR was photographed 36 hr postinfiltration. pmRIN4, phosphomimetic RIN4 (RIN4T166E); EV, empty
vector. The numbers under the photograph indicate ratios of infiltration showing HR to total number of infiltrations.
(C) Stable transgenic plants overexpressing ROC1-FLAG and ROC1S58F-FLAG are compromised in RPM1 resistance. Plants of the indicated genotypes were
infiltrated with Pst or Pst (avrB), and bacterial population in the leaf was measured at the indicated times. Error bars represent SD. Different letters denote
significant difference at p < 0.01 (Student’s t test, n = 8, 3 biological repeats).
(D) Silencing of ROC1 in Arabidopsis enhances disease resistance to Pst (avrB). WT (Col-0) and three independent ROC1 RNAi lines were infiltrated with the
indicated bacterial strains, and the bacterial population was determined 3 days after inoculation. Error bars represent SD. * and ** denote significant difference at
p < 0.05 and p < 0.01, respectively (Student’s t test, n = 8, 3 biological repeats). Similar results were obtained from two independent experiments.
(E) PPIase active site is required for ROC1 to inhibit RPM1 cell death.Nb leaves were infiltrated with Agrobacterium carrying the indicated constructs and stained
with trypan blue 36 hr later. Fifteen leaves were tested with similar results. See also Figure S3.
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the Pst hrcCmutant strain, which is unable to secrete type III ef-
fectors (Hauck et al., 2003) and considered only able to induce
PAMP-triggered immunity (PTI) and not effector-triggered immu-
nity (ETI). All RNAi lines supported similar or greater levels of Pst
hrcC growth compared to WT (Figure 3D), suggesting that the
increased basal resistance to Pst was likely attributed to ETI.
The normal Pst basal resistance in ROC1-FLAG overexpression
plants (Figure 3C) and increased Pst basal resistance in ROC1
RNAi lines (Figure 3D) suggest that a minimal amount of ROC1
is sufficient to inhibit basal resistance to Pst. Together, these
results support that ROC1 negatively regulates RPM1, RPS2,
and potentially additional NLRs and that the ROC1S58F mutation
enhances this negative regulation. Because the HR triggered by
RPM1 and RPS2 in Nb plants are independent of bacterial effec-
tors, the results additionally indicate that ROC1modulates RPM1
and RPS2 activities through a host protein.476 Cell Host & Microbe 16, 473–483, October 8, 2014 ª2014 ElsevieThePPIaseActivity Is Required for ROC1 to Inhibit RPM1
and RPS2 Immunity
The enhanced AvrRpt2 maturation and stronger inhibition of
RPM1 and RPS2 immunity in the ROC1S58F mutant plants sug-
gested that ROC1S58F possesses greater PPIaase activity, which
may be responsible for inhibiting RPM1 and RPS2 immunity.
However, the recombinant ROC1S58F mutant protein expressed
in E. coli was largely insoluble, preventing a direct measurement
of the PPIase activity of ROC1S58F. Nonetheless, modeling of
ROC1 to knownCyP structures indicated that the Ser58Phe sub-
stitution resulted in new contacts between the Phe58 aromatic
group with Asp73 and Phe74 and Lys59 with His54 (Arnold
et al., 2006; Laskowski and Swindells, 2011) (Figure S3E). These
new contacts occur in a loop containing several active site resi-
dues and may alter the ROC1 PPIase activity.
To test if the PPIase activity is required for ROC1 to inhibit
RPM1 and RPS2 ETI, we introduced mutations into ROC1 thatr Inc.
Figure 4. ROC1 Interacts with RIN4
(A) ROC1and RIN4 interact in vitro. His-RIN4, His-AvrRpt2, or His-AvrB was incubated with GST, or GST-ROC1 recombinant protein for pull-down assay, and
amounts of proteins in the blot were determined by immune blot or CBB staining.
(B) Luciferase complementation assay for ROC1-RIN4 interaction inNb plants.Nb leaves were infiltrated with Agrobacterium carrying the indicated Nlu and Cluc
constructs, and luminescence was measured 24 hr later. Error bars represent SD (n = 8, 3 biological repeats).
(C) CoIP assay for ROC1-RIN4 interaction in Arabidopsis seedlings expressing the ROC1-FLAG transgene. Immunoblots were detected with anti-RIN4 or anti-
FLAG antibodies. The experiment was repeated twice with similar results.
(D) ROC1 andRIN4 colocalize at the plasmamembrane inNb plants. Agrobacteria containing the indicated constructs were infiltrated intoNb leaves for 24 hr, and
fluorescence in the epidermal cell was visualized under a fluorescent microscope. See also Figure S4.
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ofWTROC1 andROC1S58F inNb plants partially inhibited the cell
death triggered by pmRIN4 and RPM1, the ROC1R62A mutant, in
which the invariant active site residue Arg62was substitutedwith
Ala, was completely unable to inhibit cell death (Figures 3E and
S3F). In yeast, the CPR1H90Y substitution (corresponding to
ROC1H99Y) is known to abolish the PPIase activity by perturbing
the conformation of two invariant active site residues Trp121 and
His126 (Cardenas et al., 1995). The ROC1H99Y mutant was
largely incapable of inhibiting the RPS2-triggered HR in Nb
plants (Figure S3F). Furthermore, introducing this mutation into
the ROC1S58F mutant also abolished the ability of the latter to
inhibit RPS2 HR (Figure S3G). Together, these results are consis-
tent with a role of ROC1 PPIase activity in the inhibition of RPM1
and RPS2 immunity.
ROC1 Specifically Interacts with RIN4
The specific effect of ROC1S58F in RPM1 and RPS2 resistance
but not RPS5 and SNC1 immune responses suggested an
involvement of RIN4, which is required for the regulation of
RPM1 and RPS2 but not RPS5 and SNC1. An alternative
explanation is that ROC1 regulates the maturation of AvrRpt2
and AvrB but not AvrPphB. GST pull-down experiments were
carried out to test these possibilities. Consistent with previous
findings (Coaker et al., 2005), ROC1 interacted strongly with
AvrRpt2 in vitro (Figure 4A). ROC1 also interacted strongly
with RIN4 but not AvrB. The results support that ROC1 inhibitsCell HosRPM1 and RPS2 immunity likely through RIN4. Both ROC1
and ROC1S58F interacted equally with RIN4 (Figure S4A), a
result consistent with the possibility that the elevated PPIase
activity, instead of strength of protein-protein interaction, is
responsible for the reduction of RPM1 and RPS2 immunity in
ROC1S58F plants. Luciferase complementation assays (Chen
et al., 2008) indicated that ROC1-Nluc and Cluc-RIN4 strongly
interacted in Nb plants (Figures 4B and S4B). As expected,
RPM1-Nluc and RPS2-Nluc interacted with Cluc-RIN4. How-
ever, ROC1 failed to interact with RPM1 and RPS2, regardless
of the orientation of the constructs used. These results indi-
cated that, in plants, ROC1 can specifically interact with
RIN4, but not RPM1 and RPS2. We further tested this possibil-
ity using coIP assay in Arabidopsis seedlings overexpressing
ROC1-FLAG. Again, a clear ROC1-RIN4 interaction was de-
tected (Figure 4C). RIN4 is a plasma-membrae-associated
protein, whereas ROC1 is known to exist in multiple cellular
compartments. Transient coexpression of ROC1-GFP and
BFP-RIN4 in Nb leaves indicated that the two proteins colocal-
ized in the cell (Figure 4D). Together, these results demon-
strate that ROC1 is capable of interacting with RIN4 in the
plant cell.
Previous reports showed that the C terminus of RIN4 (aa 142–
210) is important for its function (Chung et al., 2011). GST
pull-down assay indicated that RIN4 lacking aa 1–141 interacted
normally with ROC1, indicating that the C terminus is sufficient
for ROC1 interaction (Figure S5A).t & Microbe 16, 473–483, October 8, 2014 ª2014 Elsevier Inc. 477
Figure 5. RIN4 Thr166 Phosphorylation Weakens the ROC1-RIN4
Interaction
(A) The pmRIN4 mutation reduces the ROC1-RIN4 interaction in vitro. His-
RIN4 or His-pmRIN4 was incubated with GST, or GST-ROC1 recombinant
protein for pull-down assay, and amounts of proteins in the blot were deter-
mined by immune blot or CBB staining.
(B) AvrB diminishes the ROC1-RIN4 interaction in Nb plants, whereas AvrAC
restores the interaction. The indicated Nluc and Cluc constructs along with
AvrB-FLAG, AvrAC-HA, and mAvrAC-HA were transiently expressed in
Nb plants for luciferase complementation assay. The experiment was per-
formed twice with similar results. Error bars represent SD (n = 8; 2 biological
repreats).
(C) The AvrB-induced RIN4 phosphorylation was diminished in ROC1S58F
plants. WT (Col-0) and ROC1 S58F plants were infiltrated with Pst containing an
empty vector pVSP61 (EV) or avrB, and protein was extracted 2 hr after the
onset of HR for immune blot analyses. CBB stain of Rubisco indicate equal
loading of total protein. See also Figure S5.
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with ROC1
We examined if RIN4 Thr166 phosphorylation impacts ROC1
interaction. Interestingly, GST pull-down assays showed that
pmRIN4 and the phospho-mimetic C-terminal fragment of
RIN4 displayed much weaker interactions with ROC1 compared
to the nonphosphorylated forms (Figures 5A and S5A). Lucif-
erase complementation assays showed that the RIN4-ROC1
interaction in Nb plants was strongly reduced in the presence
of AvrB-FLAG (Figures 5B and S5B), supporting that the AvrB-
induced RIN4 phosphorylation leads to its dissociation from
ROC1 in plants. We previously showed that the Xamthomonas
campestris effector AvrAC, an uridylyl transferase, is capable
of blocking RPM1 activation by inhibiting RIPK kinase activity
(Feng et al., 2012). Coexpression of AvrAC-HA in Nb plants
largely restored ROC1-RIN4 interaction even in the presence
of AvrB (Figures 5B and S5B). In contrast, coexpression of a cat-
alytic AvrACH469A mutant (mAvrAC) failed to restore ROC1-RIN4
interaction. These results further supported that the AvrB-
induced phosphorylation of RIN4 via RIPK led to ROC1-RIN4
dissociation. Consistent with this notion, the RIN4 Thr166 phos-
phorylation has been shown to disrupt the RIN4-RIPK interaction
(Liu et al., 2011).
We next tested if ROC1 plays a role in AvrB-induced RIN4
phosphorylation by inoculating WT and ROC1S58F plants with
Pst (avrB). While Pst (avrB) induced RIN4 Thr166 phosphoryla-
tion in both plants, the phosphorylation was notably less in
ROC1S58F plants (Figure 5C). Together, these results suggest a
mutual regulation between ROC1-RIN4 interaction and RIN4
phosphorylation.
RIN4 Pro149 Plays a Critical Role in RPM1 Activation
Because ROC1 interacts with the C terminus of RIN4, we spec-
ulated that RIN4 C terminus could be a substrate for the ROC1
PPIase. We therefore examined the importance of RIN4 C-termi-
nal Pro residues in the regulation of RPM1 HR by individually
substituting all four C-terminal Pros with Vals in pmRIN4. While
the pmRIN4P159V, pmRIN4P189V, and pmRIN4P197V mutants still
triggered normal HR in Nb plants when coexpressed with
RPM1, the pmRIN4P149V mutant was completely unable to
trigger HR (Figures 6A and S6A). We later found that RIN4T166D
was more potent than RIN4T166E in triggering RPM1 HR. How-
ever, the RIN4P149V T166D mutant was completely unable to
trigger RPM1 HR in Nb leaves (Figures 6B and S6B). The results
demonstrated that Pro149 is specifically required for the phos-
phorylated RIN4 to trigger RPM1 HR. The results also indicated
that secondarymutations within RIN4 can uncouple RIN4 Thr166
phosphorylation and RPM1 activation, suggesting that RIN4
Thr166 phosphorylation alone is insufficient to trigger RPM1 im-
mune responses.
We then investigated if ROC1 can catalyze proline cis/
trans isomerization of a RIN4 peptide spanning Pro149 (144-
KVTVVPKFGDWD-155) using 2D 1H-1H rotating frame Over-
hauser effect spectroscopy (ROESY) NMR experiment, which
is well documented for detecting conformational exchange in
the ms to ms timescale. As expected, we observed strong
rotating frame Overhauser effect (ROE) exchange cross peaks
for amide protons of Val148 and Lys150 due to the cis/trans
isomerization of Pro149 in the presence of ROC1, whereas nor Inc.
Figure 6. RIN4 Pro149 Is Subject to Isomerization by ROC1 and Plays a Critical Role in RPM1 Activation in Nb Plants
(A and B) Pro149Val substitution abolishes RPM1 HR triggered by pmRIN4 (A) and RIN4T166D (B) in Nb plants.
(C) ROC1 catalyzes cis/trans isomerization of RIN4 peptide. Shown are selected regions of ROESY spectra of the RIN4 peptide in the absence () or presence (+)
of ROC1. Diagonal amide proton peaks of Val148 and Lys150 from cis and trans conformers are indicated by cc and tt, respectively, while ROE cross peaks due to
conformational exchange resulted fromROC1-catalyzed isomerization are labeled by ct and tc. Both diagonal peaks and exchange cross peaks are negative and
displayed in red.
(D) Deletion of Pro149 activates RPM1 HR in Nb plants. Numbers indicate number of leaves showing HR versus total number of infiltrated leaves.
(E) Cell death triggered by pmRIN4DP149 is insensitive to ROC1 inhibition. Nb leaves were infiltrated with Agrobacterium carrying the indicated constructs and
photographed 72 hr later for HR ([A], [B], and [D]) or stained with trypan blue 36 hr later for cell death (E). The assays were repeated more than three times with
consistent results.
(F) Effect of Pro149 mutations on AvrB-induced phosphorylation of Thr166. Nb leaves transiently expressing the indicated T7-RIN4 constructs were infiltrated
with Agrobacterium carrying GFP or AvrB construct, and protein was extracted 16 hr later and subject to immunoblot analyses. The experiment was performed
twice with similar results. See also Figure S6.
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the peptide without ROC1 (Figure 6C). This indicates that
ROC1 does accelerate the cis/trans isomerization of Pro149,
and thus, ROC1 can catalyze the conformational exchange of
the RIN4.
To further examine the role of Pro149 in RPM1 immunity, we
deleted this residue and tested its effect in the activation of
RPM1. Surprisingly, RIN4DP149 can activate RPM1 HR in Nb
plants without a phosphomimetic mutation, although to a lower
level than the T166D/E mutation (Figures 6D and S6C). Lucif-
erase complementation assays showed that RIN4 andRIN4DP149
interacted equally well with ROC1 (Figure S6D), indicating that
the HR phenotype conferred by RIN4DP149 was likely caused
by the conformation adopted by the mutant protein but not aCell Hosdefect in its interaction with ROC1. In this experiment we also
tested the impact of ROC1H99Y and ROC1R62A mutations and
observed a modest reduction in the ROC1-RIN4 interaction (Fig-
ure S6D), which does not appear to explain a complete lack of
inhibition of RPM1 and RPS2 HR (Figures 3E and S3G). The con-
trasting phenotypes conferred by the RIN4P149V and RIN4DP149
mutants suggested that they adopt opposite conformations.
We further tested if WT ROC1 and ROC1S58F were able to inhibit
cell death in Nb leaves triggered by the pmRIN4DP149 mutant.
While ROC1 and ROC1S58F clearly inhibited cell death triggered
by pmRIN4 andRPM1 expression, theywere unable to affect cell
death triggered by pmRIN4DP149 and RPM1 (Figures 6E and
S6E). These results further supported that the RIN4 Pro149-
specified conformation is subject to regulation by ROC1.t & Microbe 16, 473–483, October 8, 2014 ª2014 Elsevier Inc. 479
Figure 7. RIN4 Pro149 Plays a Critical Role in RPM1 Activation in Arabidopsis Plants
(A) The RIN4DP149 mutation triggers RPM1-dependent dwarfism independent of RIN4 phosphorylation. rps2 rin4 double mutant and rpm1 rps2 rin4 triple mutant
plants were transformedwith the indicated RIN4 constructs under the control of the nativeRIN4 promoter, and themorphological phenotype of representative T1
plants were photographed 5 weeks after germination. Numbers under the photograph indicate ratios of plants with dwarf or lethal phenotype to normal plants.
(B and C) RIN4 Pro149 is essential for Arabidopsis resistance to Pst (avrB) and Pst (avrRpm1). Plants of the indicated genotypes were infiltrated with Pst (avrB) (B)
or Pst (avrRpm1) (C), and bacterial growth in the leaf was determined 3 days postinoculation. In (B), six individual T1 transgenic plants were tested for each
construct. In (C), two independent T2 transgenic lines were tested. Error bars indicate SD (n = 8). See also Figure S7.
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function inNb plants.While coexpression ofWTRIN4 strongly in-
hibited cell death triggered by RPS2 overexpression, pmRIN4
and RIN4DP149 were less capable of inhibiting RPS2 cell death
(Figures S6F and S6G), suggesting that the two RIN4 mutations
may impact both RPM1 and RPS2 functions.
We next examined effect of RIN4DP149 mutation on the AvrB-
induced RIN4 phosphorylation in Nb plants. Consistent with
previous results (Liu et al., 2011), expression of AvrB strongly
induced Thr166 phosphorylation of a T7-tagged RIN4 protein
(Figure 6F). Unexpectedly, a constitutive Thr166 phosphoryla-
tion was observed when T7-RIN4DP149 was expressed in Nb
plants. This result suggested that the Pro149-specified confor-
mation also plays a role in RIN4 phosphorylation.
To substantiate the results obtained from the transient expres-
sion experiments, we generated stable transgenic Arabidopsis
plants carrying variousRIN4mutant forms in the rps2 rin4 double
mutant and rpm1 rps2 rin4 triple mutant background. As
expected, pmRIN4 T1 transgenic plants of the rps2 rin4 back-
ground were often dwarfed or even died at early stages of devel-
opment, whereas those of the rpm1 rps2 rin4 background were
completely normal (Figures 7A and S7A), a phenotype indicative
of constitutive RPM1 activation. The phenotype correlated with
the amount of mutant RIN4 protein in these plants (Figure S7A).
In contrast, rps2 rin4 pmRIN4P149V plants were completely480 Cell Host & Microbe 16, 473–483, October 8, 2014 ª2014 Elsevienormal, indicating that Pro149 is essential for pmRIN4 to activate
RPM1. rps2 rin4 RIN4DP149 transgenic plants also developed
dwarf or lethal phenotype, whereas rpm1 rps2 rin4 RIN4DP149
plants were completely normal, indicating that RIN4DP149 consti-
tutively activates immunity in an RPM1-dependent manner. To
determine if the autoimmune phenotype of RIN4DP149 was
caused by a constitutive Thr166 phosphorylation of this mutant
protein, we generated transgenic plants in which RIN4 Thr166
was substituted with Ala. The rps2 rin4 RIN4T166A DP149 plants
showed similar phenotypes, as did rps2 rin4 RIN4DP149 plants
(Figures 7A and S7A), indicating that RIN4DP149 activates
RPM1 in the absence of Thr166 phosphorylation.
We further examined RPM1 disease resistance in T1 trans-
genic plants carrying WT RIN4 and RIN4P149V (Figure 7B). The
nontransgenic rps2 rin4 and rpm1 plants were fully susceptible
to Pst (avrB) and supported a high level of bacterial growth. The
RPM1 resistance was fully restored in rps2 rin4 RIN4 plants. In
contrast, rps2 rin4 RIN4P149V plants were fully susceptible to
Pst (avrB). All plants showed identical susceptibility to Pst (Fig-
ure S7C). Inoculation of selected T2 plants with Pst (avrRpm1)
further showed that the rps2 rin4 RIN4P149V transgenic plants
were completely abolished in RPM1 resistance (Figure 7C).
Luciferase complementation assay indicated that both RIN4
and RIN4P149V interacted equally well with RPM1 (Figure S7D),
further supporting that the Pro149-specified conformation,r Inc.
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Cyclophilin-Mediated Activation of RPM1but not a lack of RPM1-interaction, is responsible for the
phenotype.
DISCUSSION
In this study, our in-depth analyses revealed a negative regula-
tion of RPM1 and RPS2 immunity by ROC1. ROC1 exerts its
regulation through a direct interaction with RIN4. Its positive
role in AvrRpt2 maturation and negative role in RPM1 and
RPS2 activation suggest a previously unknown mechanism of
ROC1 in immune regulation.We further identified a conformation
switch specified by RIN4 Pro149 for RPM1 and RPS2 regulation
and showed that this switch is regulated by ROC1.
In addition to ROC1, three other immunophilin genes have
been shown to affect plant susceptibility to P. syringae (Pogor-
elko et al., 2014), highlighting the importance of this family during
immune signaling. It is intriguing that ROC1 is exploited by
P. syringae for AvrRpt2 maturation (Coaker et al., 2005). This
may reflect a tight association of AvrRpt2 with host immune sys-
tem during host-pathogen coevolution. Alternatively, AvrRpt2
may target a host substrate of ROC1 for virulence.
ROC1S58F enables more efficient RIN4 cleavage by AvrRpt2,
and its extract allows more rapid autoprocessing of AvrRpt2,
suggesting that ROC1S58F possesses greater PPIase activity.
Several lines of evidence indicate that ROC1 plays a negative
role in RPM1 and RPS2 immunity. Overexpression of WT
ROC1 and ROC1S58F inhibited the RPS2 and RPM1 HR in Nb
plants. Likewise, the ROC1S58F mutant and stable transgenic
plants overexpressing ROC1 and ROC1S58F were compromised
in resistance to Pst (avrB). Overexpression of ROC1S58F inhibited
RPM1 and RPS2 immunity more strongly than did the overex-
pression of WT ROC1, suggesting that the ROC1 PPIase activity
is positively correlated with its ability to inhibit immunity. Indeed,
ROC1 mutations known to impair PPIase activity largely abol-
ished its ability to inhibit RPS2 and RPM1 HR. Most importantly,
silencing of ROC1 in Arabidopsis enhanced disease resistance
to Pst (avrB).
The ability of ROC1 and ROC1S58F to inhibit RPS2- and RPM1-
triggered HR inNb plants independent of effectors indicates that
ROC1 regulates RPS2 and RPM1 resistance through a host pro-
tein. Indeed, GST pull-down, luciferase complementation, coIP,
and colocalization experiments showed a specific ROC1-RIN4
interaction. The ROC1S58F mutation does not affect this interac-
tion, a result consistent with an elevated ROC1 PPIase activity
being responsible for the inhibition of RPM1 HR. These led to
the hypothesis that RIN4 is a substrate of ROC1 PPIase. Indeed,
we found that ROC1 catalyzed the isomerization of a RIN4 pep-
tide spanning Pro149. The pmRIN4-triggered RPM1 HR in Nb
plants was specifically abolished by a RIN4 Pro149 to Val substi-
tution, but not other Pro to Val substitutions, in the RIN4 C termi-
nus. Furthermore, the Arabidopsis RIN4P149V mutant was
completely unable to activate RPM1 resistance to Pst (avrB). In
contrast, the RIN4DP149 mutation constitutively activates RPM1
HR in Nb plants and causes dwarfism in Arabidopsis plants.
The RIN4P149V and RIN4DP149 mutant proteins likely adopt oppo-
site conformations. Whereas the conformation of RIN4P149V is
inhibitory to RPM1, the RIN4DP149 conformation favors RPM1
activation. Interestingly, the RPM1 HR triggered by the
pmRIN4DP149 mutant is no longer inhibited by ROC1 orCell HosROC1S58F, whereas the HR triggered by pmRIN4 is sensitive to
ROC1 inhibition. These results strongly support the possibility
that ROC1 maintains RIN4 in a conformation that is inhibitory
to RPM1 and RPS2 activation. A regulatory role of ROC1 in
NLR activation may not be limited to RPM1 and RPS2, as multi-
ple pathogen effectors have been shown to interact with RIN4
(Luo et al., 2009; Wilton et al., 2010). Indeed, ROC1 RNAi lines
displayed elevated resistance to Pst, but not Pst hrcC mutant
bacteria, which is consistent with a role of ROC1 in inhibiting
ETI. The results suggest the presence of additional NLRs that
weakly recognize effectors in Pst.
The AvrB-induced phosphorylation of RIN4 Thr166 plays a
crucial role in RPM1 activation (Chung et al., 2011; Liu et al.,
2011). Our analyses showed that RIN4DP149 is constitutively
phosphorylated in plants, supporting a role of RIN4 conformation
in the regulation of phosphorylation. At the first glance, these re-
sults were consistent with the current model in which RIN4
Thr166 phosphorylation is directly sensed by RPM1. However,
pmRIN4P149V is unable to trigger RPM1 immunity, indicating
that phosphorylation can be uncoupled from activation of
RPM1 in the context of P149V. Furthermore, the RIN4T166ADP149
mutant still caused dwarfism in Arabidopsis plants in a RPM1-
dependent manner, indicating that RIN4DP149 constitutively
activates immune responses in the absence of Thr166 phos-
phorylation. Thus, the conformation adopted by the RIN4DP149
mutant protein can uncouple the requirement of Thr166 phos-
phorylation for RPM1 activation.
NLR proteins have been shown to recognize a change in the
general fold of an effector target. For example, the RPS5 NLR
indirectly recognizes the P. syringae AvrPphB effector, which
acts as a protease and cleaves the PBS1 kinase (Shao et al.,
2003). Recent experiments indicated that the requirement of
PBS1 cleavage for activating RPS5 can be bypassed, as a 5
aa insertion in PBS1 surrounding the cleavage site was sufficient
to trigger RPS5 activation (DeYoung et al., 2012). In light of our
findings, it is possible that RPM1 senses conformational
changes in RIN4 in the region surrounding aa 149–166 and that
both Thr166 phosphorylation and DPro149 mutation render suf-
ficient changes in RIN4 conformation to activate RPM1. How-
ever, this model does not take into account the ROC1-RIN4
dissociation after RIN4 Thr166 phosphorylation. A more plau-
sible explanation is that the Thr166 phosphorylation is indirectly
sensed by RPM1, likely by impeding RIN4-ROC1 interaction. It
should be noted, however, that the remaining RIN4-ROC1 inter-
action after RIN4 phosphorylation still allows ROC1S58F or the
overexpressed ROC1 to dampen RPM1-specified defenses.
Taken together, we suggest a model for RPM1 activation by
AvrB (Figure S7E). The ROC1 PPIase activity maintains RIN4 in
a configuration resembling RIN4P149V that is unable to activate
RPM1. The AvrB-induced RIN4 Thr166 phosphorylation inter-
feres with RIN4 Pro149 isomerization by ROC1, allowing the
accumulation of a pool of RIN4 with a conformation similar to
that of RIN4DP149, triggering RPM1 immunity.EXPERIMENTAL PROCEDURES
Plant Materials
Arabidopsis thaliana plants used include WT (Col-0), rps2-101C (Mindrinos
et al., 1994), rin4 rps2 double mutant and rpm1 rps2 rin4 triple mutant (Kimt & Microbe 16, 473–483, October 8, 2014 ª2014 Elsevier Inc. 481
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Cyclophilin-Mediated Activation of RPM1et al., 2005), nproRPS2::RPS2-HA (Axtell and Staskawicz), rpm1 (formerly
described as rps3-1; Bisgrove et al., 1994), rps5-2 (Warren et al., 1998), and
ROC1S58F and transgenic lines silenced for ROC1 (Ma et al., 2013). Arabidop-
sis plants were grown in a growth room at 20C (night) and 24C (day) with a
10 hr light/14 hr dark photoperiod or otherwise indicated. N. benthamiana
plants were grown in a growth room at 24C with a 10 hr light/14 hr dark
photoperiod.
Bacterial Strains, Bacterial Growth, and HR Assay in
Arabidopsis Plants
Pst strains used include DC3000, DC3000 (avrRpt2), DC3000 (avrB), DC3000
(avrRpm1), DC3000 (avrPphB), andDC3000 hrcCmutant. For bacterial growth
assay, bacteria were inoculated at a concentration of 1 3 106 CFU/ml with a
needleless syringe. For HR assays in Arabidopsis, bacteria were infiltrated at
a concentration of 5 3 107 CFU/ml.
Stable Transgenic Plants, Agrobacterium-Mediated Transient
Expression, HR, Luciferase Complementation, and Protein
Colocalization in N. benthamiana
The 35S::ROC1-FLAG and 35S-ROC1S58F-FLAG constructs were introduced
into Arabidopsis Col-0, and WT RIN4, RIN4T166E, RIN4P149V, RIN4DP149, and
RIN4 T166A,DP149 constructs under the native RIN4 promoter were introduced
into rps2 rin4 double mutant or rpm1 rps2 rin4 triple mutant plants through
Agrobacterium-mediated transformation.
For HR and cell death assay inN. benthamiana plants,Agrobacterium strains
carrying the desired constructswere grown on LB plates for 30 hr, then cultured
at 28C in LBmedia for 12 hr. For ROC1 inhibition of RPS2- and RPM1-depen-
dent HR, Agrobacterium was infiltrated at 4 3 108 CFU/ml (ROC1 constructs)
and 7.53 107 CFU/ml (RPM1, RPS2, and RIN4 constructs). For RPM1-depen-
dent HR triggered by RIN4 and its derivatives, 2 3 108 CFU/ml bacteria were
infiltrated for each construct. HR development was documented by directly
visualizing leaf collapse or staining with trypan blue at the indicated times.
For luciferase complementation assays, Agrobacterium containing the
desired constructs was infiltrated into Nb leaves at the following concentra-
tions: 4 3 108 CFU/ml for RIN4 constructs, 8 3 108 CFU/ml for RPM1 and
RPS2 constructs, and 2 3 108 CFU/ml for ROC1 constructs. Leaf discs
were taken 24 hr later, incubated with 1 mM luciferin in a 96-well plate, and
luminescence was recorded with the GLOMAX 96 microplate luminometer
(Promega). Each data point consisted of at least eight replicates.
For protein colocalization experiments, Nb leaves transiently expressing the
desired constructs were mounted in water, and images were captured under a
confocal microscope (Leica TCS SP5).
Plant Protein Extraction, CoIP, and Immunoblotting
Total protein was extracted from plants by grinding tissues in 100 ml grinding
buffer (25 mM Tris-HCl [pH 7.5], 50 mM NaCl, 1 mM EDTA, 0.5% Triton X-
100, 1 mM DTT, and plant protease inhibitor cocktail). Debris was removed
by centrifugation at 14,000 rpm for 10 min. Samples were separated on
SDS-PAGE, and immunoblotting was performed by using standard protocols
with anti-RIN4, anti-RIN4 pT166, anti-T7, anti-HSP90, anti-FLAG, anti-Cluc, or
anti-HA antibodies.
For coIP assays, total protein extracts from 10-day-old Col-0 or 35S::ROC1-
FLAG transgenic seedlings were subject to anti-FLAG IP. Total protein was
incubated with agarose-conjugated anti-FLAG antibody for 4 hr. Immunopre-
cipitates were washed five times with a buffer containing 50 mM HEPES (pH
7.5), 150 mM NaCl, 1 mM EDTA, 1mM DTT, 0.1% Triton X-100, and protease
inhibitor cocktail. The resulting protein was separated by a 15% NuPAGE gel
(Invitrogen), and the presence of RIN4, ROC1-FLAG was detected by
immunoblot.
For the AvrRpt2-induced disappearance of RIN4, Pst (avrRpt2) was infil-
trated into Col-0 leaves at a concentration of 53 107 CFU/ml for 4 hr, and total
protein was isolated for immunoblotting.
For Pst (avrB)-induced RIN4 phosphorylation in Arabidopsis plants, 5-week-
old plants grown under 11/13 hr light-dark cycle were syringe-infiltrated with
Pst (avrB) or empty vector (pVSP61). Leaf samples were harvested at 2 hr after
the onset of HR for protein extraction. For AvrB-induced RIN4 phosphorylation
in Nb plants, Agrobacterium containing T7-tagged RIN4 constructs were sy-
ringe infiltrated inNb plants.Agrobacterium carrying theGFP or AvrB construct482 Cell Host & Microbe 16, 473–483, October 8, 2014 ª2014 Elseviewas then syringe infiltrated into the same leaf areas 16 hr after the first infiltra-
tion. Leaf samples were harvested at 24 hr after the second infiltration. Protein
samples were subject to immunoblot analyses as described (Liu et al., 2011).
AvrRpt2 Cleavage and GST Pull-Down Assays
For AvrRpt2 autocleavage, 20 mg AvrRpt2-His was incubated with 10 mg of
Arabidopsis crude extract in a total volume of 100 ml in a buffer containing
100 mM Tris-HCl (pH 7.5) and 10% glycerol at 20C. Aliquots (10 ml) of the re-
action mixture were withdrawn at various time points and examined by 15%
SDS-PAGE and Coomassie brilliant blue staining.
For GST pull-down assays, soluble GST-fusion protein was immobilized on
G beads (GE), incubated with His-tagged proteins, and extensively washed
before the bound protein was eluted for immunoblot analysis (Cui et al., 2010).
NMR Analysis of Proline Isomerization
All NMR samples contained 1.2 mM RIN4 peptide spanning Pro149 144-
KVTVVPKFGDWD-155 in 20 mM sodium phosphate, 50 mM NaCl (pH 6.5)
with 90%H2O/10%D2O and 0.01%DSS. 2D
1H-1H total correlation spectros-
copy (TOCSY) experiment (mixing time of 75ms), and 2D 1H-1H ROESY exper-
iment (mixing time of 200ms) datawere collected for the peptideNMRsamples
with 48 mMorwithoutGST-ROC1 onBruker Avance 500 or 700MHz spectrom-
eters at 293K. Partial 1H signals assignments of the peptide were obtained
based on TOCSY and ROESY spectra. Two distinct sets of 1H NMR signals
were observed for some residues in the TOCSY and ROESY spectra due to
the existence of both cis and trans conformations for the proline.
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